Background
Limited information is available regarding genetic contributions to valvular calcification, which is an important precursor of clinical valve disease.
Methods
We determined genomewide associations with the presence of aortic-valve calcification (among 6942 participants) and mitral annular calcification (among 3795 participants), as detected by means of computed tomographic (CT) scanning; the study population for this analysis included persons of white European ancestry from three cohorts participating in the Cohorts for Heart and Aging Research in Genomic Epidemiology consortium (discovery population). Findings with respect to singlenucleotide polymorphisms (SNPs) identified by means of meta-analysis were replicated in independent cohorts of persons with either CT-detected valvular calcification or clinical aortic stenosis.
Results
One SNP in the lipoprotein(a) (LPA) locus (rs10455872) reached genomewide significance for the presence of aortic-valve calcification (odds ratio per allele, 2.05; P = 9.0×10 −10 ), a finding that was replicated in additional white European, AfricanAmerican, and Hispanic-American cohorts (P<0.05 for all comparisons). Genetically determined Lp(a) levels, as predicted by LPA genotype, were also associated with aortic-valve calcification, supporting a causal role for Lp(a). In prospective analyses, LPA genotype was associated with incident aortic stenosis (hazard ratio per allele, 1.68; 95% confidence interval [CI], 1.32 to 2.15) and aortic-valve replacement (hazard ratio, 1.54; 95% CI, 1.05 to 2.27) in a large Swedish cohort; the association with incident aortic stenosis was also replicated in an independent Danish cohort. Two SNPs (rs17659543 and rs13415097) near the proinflammatory gene IL1F9 achieved genomewide significance for mitral annular calcification (P = 1.5×10 −8 and P = 1.8×10 −8 , respectively), but the findings were not replicated consistently.
Conclusions
Genetic variation in the LPA locus, mediated by Lp(a) levels, is associated with aorticvalve calcification across multiple ethnic groups and with incident clinical aortic stenosis. (Funded by the National Heart, Lung, and Blood Institute and others.) V alvular calcification precedes the development of valvular stenosis and may represent an important early phenotype for valvular heart disease. Although aortic sclerosis is frequently considered to be a benign condition, it is associated with progression to clinical aortic stenosis 1,2 and with increased cardiovascular morbidity and mortality. 3 In addition, mitral annular calcification is associated with a risk of cardiovascular disease that is increased by nearly 50%. 4 Currently, there are no treatments that prevent or slow the progression of valve disease.
Although genetic factors may influence the development of valvular calcification, which tends to run in families, 5 the role of common genetic variation in valvular calcification remains unknown. Knowledge of the genetic determinants of valvular calcification may help elucidate the mechanisms underlying valvular heart disease and could foster the development of new therapies. We performed a genomewide association study of aortic-valve calcification and mitral annular calcification in three population-based cohorts. The results were confirmed in additional multiethnic cohorts by means of computed tomographic (CT) assessment of valvular calcification or identification of clinically apparent valvular heart disease.
Me thods

Study Design and Population
This investigation was initiated within the Cohorts for Heart and Aging Research in Genome Epidemiology (CHARGE) consortium. The CHARGE consortium is an ongoing investigatordriven collaboration among several large, population-based cohort studies in which genomewide genotype data have been obtained and comprehensive individual phenotyping for a variety of clinical characteristics has been performed. Details of this collaboration have been described previously. 6 We performed a two-stage analysis to discover the associations of genetic loci with the presence of mitral annular calcification and aortic-valve calcification and to replicate the findings. In the discovery stage, we obtained genomewide association data from the Framingham Heart Study (FHS) cohort, the Age, Gene/Environment Susceptibility-Reykjavik Study (AGES-RS) cohort, and white European participants in the Multi-Ethnic Study of Atherosclerosis (MESA) for the initial meta-analysis. [7] [8] [9] [10] All the cohort participants in the discovery stage were of white European ancestry and had undergone genotyping and CT scanning for the presence of aortic-valve calcification and mitral annular calcification (in the FHS and MESA) or aortic-valve calcification alone (in the AGES-RS).
In the replication stage, significant findings from the initial meta-analysis were tested in additional European and multiethnic cohorts, including white European participants in the Heinz Nixdorf Recall Study (HNR); African-American, Chinese-American, and Hispanic-American participants in the MESA and MESA Family; and Swedish and Danish participants with registrydefined clinical aortic stenosis in the Malmö Diet and Cancer Study (MDCS) and the Copenhagen City Heart Study (CCHS), respectively. [11] [12] [13] Before participating in their respective cohorts, all participants provided written informed consent, including consent for genotyping and analysis. The relevant study protocol was approved by the local review board at each participating site. The last three authors vouch for the accuracy of the data. Detailed information about all the study cohorts is provided in the Supplementary Appendix, available with the full text of this article at NEJM.org.
Demographic and Covariate Data
In the FHS, AGES-RS, MESA, and HNR, clinical and demographic data on individual participants were collected at the time of CT scanning; a comprehensive medical history and anthropometric measurements were obtained, vital signs were assessed, and fasting blood samples were analyzed. In the FHS and AGES-RS, plasma lipoprotein(a) [Lp(a)] concentrations were measured (see the Supplementary Appendix) with the use of an enzymelinked immunosorbent assay and a turbidimetric immunoassay (Denka Seiken), respectively, neither of which is affected by apolipoprotein(a) isoform size.
Assessment of Valvular and Coronary Calcification and Clinical Aortic Stenosis
All the participants underwent standard CT scanning, and images were analyzed for the presence of coronary-artery calcification, aortic-valve calcification, and mitral annular calcification (see the Supplementary Appendix) with the use of offline digital software. Using standard Agatston methods, 14 we considered three or more contigu-3 ous pixels with a brightness of at least 130 Hounsfield units to indicate the presence of calcium. Standard methods for assessing coronary-artery calcification were used. 15, 16 Lesions were classified as aortic-valve calcification if they resided within the aortic-valve leaflets or commissures, excluding the aortic annulus, proximal aorta, and coronary arteries. Mitral annular calcification was detected in a similar way and included calcification along the mitral annulus circumferentially, exclusive of the mitral leaflets (except in the FHS, which made no such exclusion). Clinical aortic stenosis and aortic-valve replacement surgery in the MDCS and CCHS were identified from clinical diagnosis and procedure codes (see the Supplementary Appendix).
Genotyping and Imputation
Investigators in the discovery cohorts independently performed participant-level genotyping using genetic platforms ( Table 1 ) that varied among the sites but that included standard quality-control measures for genotyping and data acquisition (see the Supplementary Appendix). High-density genotyping results were also available in the FHS and MESA for approximately 50,000 single nucleotide polymorphisms (SNPs) in approximately 2000 cardiovascular candidate genes from the Candidate Gene Association Resource (CARe). 17 To standardize genotyping across cohorts and allow for meta-analysis, participant-level genotype data were imputed to more than 2.5 million SNPs described in the Centre d'Etude du Polymorphisme Humain (CEU) HapMap samples. 18, 19 Imputed and directly genotyped SNPs were used to examine the association between genetic loci and the presence of valvular calcium.
Statistical Analysis
In the discovery stage, the associations between each SNP and the presence of valvular calcium were analyzed independently in each cohort, with the use of logistic-regression equations and generalized estimating equations adjusted for participants' age and sex. Results from the individual cohorts were combined with the use of fixed-effect meta-analysis with inverse-variance weighting. Genomewide significance was prespecified as P<5.0×10 −8 ; SNP associations at P<1.0×10 −5 were deemed to be hypothesis-generating but were not tested further.
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510 (39) 1338 (43) 397 (16) 263 (11) 243 (12) 67 (9) 91 (12) 308 ( 175 (7) 197 (10) 37 (5) 18 ( wide significance were retested in independent cohorts, with the use of logistic-regression equations and generalized estimating equations adjusted for the participants' age, sex, and ancestry (as necessary). In the MDCS and CCHS, Cox proportional-hazards regression was used to test whether the SNPs associated with aortic-valve calcification were also associated with incident clinical aortic stenosis, after adjustment for the participants' age, sex, current smoking status, and body-mass index (BMI). The diagnostic validity for aortic stenosis in the MDCS was high, with a positive predictive value of greater than 90% (as described in the Supplementary Appendix), and most cases of stenosis were moderate to severe. In the replication analyses, P values of less than 0.05 were considered to indicate statistical significance.
To test the hypothesis of a causal association between the SNP located within the apo li po protein(a) gene (LPA) and aortic-valve calcification, an instrumental variable (i.e., mendelian randomization) 20 analysis was performed. In our analyses, genetically determined Lp(a) concentrations (as predicted by the number of LPA SNP copies) were regressed against the presence of aorticvalve calcification. A two-stage Murphy-Topel variance estimator was used to compute 95% confidence intervals. Results from the individual studies were then combined with the use of a random-effects meta-analysis with inverse variance weighting, owing to heterogeneity across cohorts. Complete details of the statistical analysis are provided in the Supplementary Appendix.
R e sult s
Discovery and Replication Populations
The baseline characteristics of the participants in the discovery stage, all of whom were white Europeans, are provided in Table 1 ; data were included from 1298 participants in the FHS, 3120 in the AGES-RS, and 2527 in the MESA. Data on aorticvalve calcification were available for 6942 participants in the three cohorts, and data on mitral annular calcification were available for 3795 participants in the FHS and MESA cohorts. The replication stage included data from 745 participants in the HNR and from the non-European ethnic groups in the MESA and MESA Family (2497 African Americans, 774 Chinese Americans, and 2027 Hispanic Americans). In addition, with the use of data from 28,193 participants in the MDCS and 10,400 participants in the CCHS, we evaluated whether the SNP most strongly associated with aortic-valve calcification was also associated with incident aortic stenosis.
In the discovery sample, the observed distribution of P values for the correlations of SNPs with the two valvular phenotypes matched the expected distribution (see the quantile-quantile plots in Fig. S1A and S1B in the Supplementary Appendix), with a modest excess of significant associations. This finding suggests that neither genotyping artifact nor systematic differences in allele frequencies owing to ethnic group (i.e., population stratification) created substantial bias in the analysis.
SNPs Associated with Aortic-Valve Calcification
We identified one SNP associated with aorticvalve calcification at a P value of less than 5.0×10 −8 , surpassing our prespecified threshold for genomewide significance. This SNP, rs10455872, is located within intron 25 of LPA on chromosome 6 (Fig. 1A, and Fig. S2A in the Supplementary Appendix). After adjustments for participants' age and sex, the risk allele (G) was associated with odds for aortic-valve calcification that were increased by a factor of 2 (odds ratio, 2.05; P = 9.0×10 −10 ) ( Table 2 ). The direction of effect for the risk allele was consistent -and of similar magnitude -in all the discovery-stage cohorts (Table 3) . These results with the use of imputed SNPs were confirmed when direct, densely genotyped SNP data that were available in the FHS and MESA were analyzed; the associations between the SNP and aortic-valve calcification were stronger when the data from directly genotyped SNPs were used than when imputed SNPs were used in the same population sample (FHS: odds ratio, 2.41; P = 1.8×10 −5 ; MESA: odds ratio, 1.93; P = 2.6×10 −4 ). A total of 44 additional SNPs with evidence suggestive of an association (P<1×10 −5 ) are listed in Table S1 in the Supplementary Appendix. A full results data set is available on the Framingham Heart Study website (www .framinghamheartstudy.org/research/index.html).
SNPs Associated with Mitral Annular Calcification
We identified two SNPs associated with mitral annular calcification at a P value of less than 5.0x10 −8 . These two SNPs, which are in high linkage disequilibrium (i.e., highly correlated), were identified on chromosome 2 near the IL1F9 gene cluster between IL1F7 and IL1F9; they are designated as rs17659543 (P = 1.5×10 −8 for the association with mitral annular calcification) and rs13415097 (P = 1.8×10 −8 ) (Fig. 1B and Table 2 Manhattan plots show that a single SNP on chromosome 6 (rs10455872) has genomewide significance for aortic-valve calcium (P = 9.0×10 −10 ) (Panel A) and that two SNPs on chromosome 2 (rs17659543 and rs13415097) have genomewide significance for mitral annular calcium (P = 1.5×10 −8 and P = 1.8×10 −8 , respectively) (Panel B). The X on the x axis in each panel indicates the X sex chromosome.
tive of an association (P<1×10 −5 ) are listed in Table S2 in the Supplementary Appendix.
Independent Replication of SNP Associations
Owing to the relatively small sample available for replication, only SNPs with genomewide significance in the discovery stage were evaluated in the replication stage. In the independent replication sample from the HNR, rs10455872 was significantly associated with aortic-valve calcification (P = 0.02), with a similar effect size and the same direction of effect as in the discovery sample, providing independent evidence of an association ( Table 3 ). The combined effect estimate for the discovery and replication samples remained highly significant (P = 2.79×10 −11 ).
The association between rs10455872 and aorticvalve calcification was also evaluated across additional races and ethnic groups in the MESA (Table S3 in the Supplementary Appendix). There was evidence for an association in African Americans (odds ratio, 3.57; P = 0.007) and in Hispanic Americans (odds ratio, 2.75; P = 0.004). The association was not significant in Chinese Americans (P = 0.96), but the power to detect an association was limited by the small sample and low minor allele frequency (0.5%).
In contrast, in 745 white European participants from the HNR among whom the prevalence of mitral annular calcification was 2.4%, there was no significant association between rs17659543 and mitral annular calcification (P = 0.42). In replication analyses stratified according to ethnic group, the association between rs17659543 reached significance only among Hispanic Americans (P = 0.04) ( Table S3 in the Supplementary Appendix).
LPA Associations with Aortic-Valve and Coronary-Artery Calcification
Several additional analyses performed on data from the discovery cohort showed that the association of rs10455872 with aortic-valve calcification was independent of coronary-artery calcification and clinical coronary artery disease. Details of the results of these analyses are provided in the Supplementary Appendix.
Correlation of Genetically Determined Lp(a) Levels with Aortic-Valve Calcification
In the FHS and AGES-RS, two studies in which data on Lp(a) concentrations were available, rs10455872 was strongly associated with Lp(a) levels, and Lp(a) levels were associated with the presence of aortic-valve calcification (Table 4, and Table S4 in the Supplementary Appendix). After adjustment for Lp(a) levels, the association between the rs10455872 SNP and aortic-valve calcification was attenuated in both cohorts and became nonsignificant when the cohorts were pooled for a meta-analysis (P = 0.09). On the basis of pooled data from the two cohorts, the causal effect of genetically determined Lp(a) levels was estimated as a 62% increase in the odds of aortic-valve calcification per log-unit increase in plasma Lp(a) levels (odds ratio 1.62; P = 1×10 −4 ).
Genetic Variation in LPA and Incident Aortic Stenosis
In the MDCS, over a median follow-up period of 14 years, there were 308 participants (1%) with incident aortic stenosis, with 133 of these participants (43%) undergoing aortic-valve replacement. Clinical factors independently associated with incident aortic stenosis included increasing age, male sex, increasing BMI, and current smoking (P<0.001 for all comparisons). After adjustment for these risk factors, rs10455872 was strongly and independently associated with incident aortic stenosis (hazard ratio, 1.68 per risk allele; 95% confidence interval [CI], 1.32 to 2.15; P = 3×10 −5 ) ( Table S5A in the Supplementary Appendix). In a sensitivity analysis in which the outcome was limited to aortic stenosis leading to 2 IL1F9
* The SNPs were identified in a meta-analysis of data from the FHS, AGES-RS, and MESA during the discovery stage of the study. CI denotes confidence interval.
7 aortic-valve replacement, similar results were observed (hazard ratio, 1.54 per risk allele; 95% CI, 1.05 to 2.27; P = 0.03). In additional analyses that excluded the 67 participants with antecedent myocardial infarction, there was minimal change in the results with respect to incident aortic stenosis (hazard ratio, 1.69; 95% CI, 1.28 to 2.22; P = 0.0002) or valve replacement (hazard ratio, * The method of genomic control was used to correct for heterogeneity among populations in these cohorts (i.e., population stratification). † No genomic-control correction was used for the meta-analysis of these pooled cohorts. 1.82; 95% CI, 1.22 to 2.69; P = 0.003). Similar results with respect to the association of rs10455872 with incident aortic stenosis were obtained among participants in the CCHS during a median followup period of 17 years (hazard ratio, 1.60; 95% CI, 1.12 to 2.28; P = 0.01) ( Table S5B in the Supplementary Appendix).
Discussion
In this genomewide association study, we found that the SNP rs10455872 in the gene LPA was strongly associated with the presence of aorticvalve calcification in participants of European descent. This finding was replicated in independent cohorts from multiple ethnic groups. In two independent prospective cohorts, the G allele was associated with an increase of 60 to 68% per allele in the risk of clinical aortic stenosis, clearly linking genetic variation at the LPA locus with aortic-valve calcification as detected on CT scans and clinical calcific aortic-valve disease. We confirmed the association between rs10455872 and Lp(a) levels and showed that Lp(a) levels mediate the effect of this SNP on aortic-valve calcification. Using a mendelian randomization approach, we found that genetically determined Lp(a) levels were causally associated with an increase of approximately 62% in the odds of aortic-valve calcification per log-unit increment in Lp(a) levels. Our results suggest that lifelong elevations in Lp(a) levels lead to a markedly increased prevalence of aortic-valve calcification in adulthood and implicate Lp(a) in the development of aortic-valve disease.
We also identified an association between a SNP and mitral annular calcification that had genomewide significance. This finding was replicated in a Hispanic-American cohort but could not be replicated in white Europeans in the HNR or in African Americans in the MESA. Whether this represents a true positive finding remains unclear, and efforts to replicate this SNP in larger samples are warranted.
We used a subclinical phenotype, valvular calcium detected by means of CT scanning, rather than clinically defined valvular disease, for our discovery genomewide association study. Aorticvalve calcification represents an early proto-phenotype for subsequent aortic-valve disease. 2, 21 By reducing phenotypic (and thus, genetic) heterogeneity, the use of "deep phenotypes" on the basis of a biologic process (e.g., calcification) rather than clinical diagnosis may improve the detection of genetic signals. 22 This method has been used to identify nongenetic correlates of aortic-valve calcification in both the FHS and the MESA. 23, 24 We replicated the rs10455872 association in a cohort with clinical aortic stenosis, thus supporting this strategy of identifying genetic signals for clinical disease.
Although calcific valvular disease is known to cluster within families, 5,25,26 the genetic factors explaining this heritability remain elusive. Prior linkage studies have identified NOTCH1 on chromosome 9q34-35 as a susceptibility locus for bicuspid aortic-valve and accelerated valvular calcification. 27 Polymorphisms within other candidate genes have also been associated with valvular disease in single reports. [28] [29] [30] [31] However, candidate gene studies have been criticized for high false positive rates due to small samples and for the lack of independent replication. 32, 33 In contrast, our study of genomewide association with aortic-valve calcification features a large sample of well-phenotyped persons, uses contemporary criteria for statistical significance, and includes replication in independent cohorts.
Lp(a) is a cholesterol-rich particle consisting of a covalently linked molecule of apolipoprotein B100 with a molecule of apolipoprotein(a). 34 Lp(a) has long been considered to be a risk factor for coronary artery disease, and evidence has convincingly shown a causal role for this particle 35, 36 through intimal deposition of Lp(a) 37 and oxidized lipids 38 in the vessel wall and induction of a prothrombotic state. 39 Similar mechanisms could play a role in aortic-valve disease, especially at areas of mechanical injury where Lp(a) may be preferentially retained. 40 Plasma Lp(a) levels are largely genetically determined by variation in the number of kringle IV type 2 (KIV-2) repeats at the LPA locus, which encodes apolipoprotein(a). 34 In a previous study, rs10455872 was shown to be in linkage disequilibrium with the KIV-2 polymorphism and to be strongly associated with both plasma Lp(a) levels and the risk of coronary artery disease. 35 An association between increased Lp(a) levels and aortic-valve disease has been observed in previous studies. [41] [42] [43] [44] Lp(a) has been shown to accumulate in both early-stage and end-stage 9 aortic-valve lesions and to colocalize with calcium deposition. [41] [42] [43] [44] [45] However, prior studies could not determine whether Lp(a) was a cause or simply a marker of disease. Our results provide evidence for a causal relationship between Lp(a) and calcific aortic-valve disease and strongly implicate genetic variation at the LPA locus in the pathogenesis of the disease. Further studies are needed to evaluate whether lowering Lp(a) levels during early-stage aortic-valve disease, with the use of either niacin 46 or novel specific Lp(a) inhibitors, 47 can slow the progression to aortic stenosis.
In conclusion, in a genomewide association study, we have identified a SNP in the LPA locus that is significantly correlated with aortic-valve calcification. Our findings implicate genetic variation at the LPA locus, through elevated plasma Lp(a) levels, in the development of aortic-valve disease. Further studies are needed to evaluate whether lowering Lp(a) levels will reduce the incidence or progression of aortic-valve disease.
